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Glass fibers possess the ability of transmitting light through the core of the fiber. However, most of the current
manufacturing techniques are time- and cost-inefficient, limiting the implementation of translucent cementitious
materials. The use of fibers increases the ductility of the cementitious matrix and limits the crack widths upon
loading. This is advantageous in terms of autogenous healing. This healing can be further promoted by the use of
superabsorbent polymers. The combination of translucency using glass fibers with promoted self-healing prop-
erties using superabsorbent polymers was therefore assessed using a direct-mixing technique. The mixture
composition was optimized, the translucent property was available, multiple cracking was achieved, cracks were
able to visually close and the mechanical properties were regained. This opens up opportunities for further
application of translucent materials, showing self-healing properties.1. Introduction
Concrete is a material known for its high structural performance, but
it has a limited tensile strength, resulting in crack formation during the
lifespan of a concrete structure. Furthermore, the presence of cracks
endangers the durability as intruding gases and/or fluids will cause
corrosion of possible present reinforcements, next to other degradation
phenomena. As the concrete structure gradually deteriorates, repair
should be done as quickly as possible. However, the damage may go
unnoticed, repairs may be postponed, or in some cases repair is even not
possible due to a lack of accessibility of the structure. Fortunately, con-
crete has a passive healing capacity, e.g. autogenous healing. By the
combination of four different healing mechanisms, the cracks in the
cementitious material are able to close. The healing mechanisms are (1)
the blockage of the cracks by impurities, (2) the swelling of calcium-
silicate-hydrates at the crack walls, (3) the further hydration and
pozzolanic activity of not yet reacted binder particles, and (4) the cal-
cium carbonate crystallization (Edvardsen, 1999; Granger et al., 2007;
Snoeck and De Belie, 2019; Snoeck, 2018). Due to a decreasing amount of
unhydrated particles as further hydration occurs in the system with time,
the main healing mechanism at later ages will be the calcium carbonate
crystallization (Snoeck and De Belie, 2019; Van Tittelboom et al., 2012).
In order to take advantage of this self-healing feature, one needs toeck).
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evier Ltd. This is an open access aguarantee sufficient building blocks such as the availability of certain
hydration products or unhydrated particles. On the other hand, a crack
should be sufficiently narrow in order for healing products to bridge the
crack (Li et al., 2002; Li and Nawy, 2008). Additionally, water needs to be
available to sustain the healing reactions (Snoeck et al., 2014a; Yang,
2008).
In order to limit the crack width, fibers may be added to the
cementitious mixture. Multiple cracks with limited crack widths have
been achieved using synthetic fibers such as polyethylene (PE), poly-
propylene (PP), and polyvinyl alcohol (PVA) fibers (Li et al., 2002; Li and
Nawy, 2008; Snoeck and De Belie, 2015a; Zollo, 1997; Li et al., 1997;
Homma et al., 2009). These mixtures were optimized to have narrow
cracks up to 30–50 μm (Li and Nawy, 2008; Yang, 2008; Snoeck, 2015).
This is a boundary condition for self-healing to efficiently and completely
close a crack even at later ages in this specific type of strain-hardening
cementitious materials (Li and Nawy, 2008; Yang, 2008; Snoeck,
2015). Another possibility is the use of natural fibers, such as flax or
hemp, with or without chemical treatment to induce multiple cracking
and a sufficient ductility (Snoeck et al., 2015a; Snoeck and De Belie,
2012). Both for natural and synthetic fibers, the interaction between
fiber, cementitious matrix and fiber-matrix interface leads to the wanted
narrow crack widths. As the fibers are evenly distributed in the cemen-
titious matrix, the position of the cracks will be more evenly spaced in020
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the composite. The bond of the fiber with the matrix is of importance, as
it will provide friction, anchorage due to deformation and phys-
ical/chemical adhesion during crack formation. The wanted feature is a
strain-hardening effect. When a cementitious matrix cracks, the micro-
crack will pass several fibers. The tensile stresses are diverted to the fi-
bers, bridging the crack. The crack propagation is halted and the tensile
forces are relocated. This procedure repeats itself causing multiple
microcracks to form instead of one big crack. This principle of multiple
cracking is the basis for a good autogenous healing capacity upon high
strain deformations and cracking.
On the other hand, as mentioned, water needs to be available to
trigger the autogenous healing mechanisms. Water can be provided using
superabsorbent polymers (SAPs) (Snoeck et al., 2012a, 2014a; Snoeck,
2015; Kim et al., 2010). Able to swell up to hundreds of times their own
weight in aqueous solutions, the SAPs will not only physically seal cracks
by their swelling action (Lee et al., 2010, 2016; Snoeck et al., 2012b,
2018a), they will stimulate autogenous healing as well when being
included in the cementitious mixture (Snoeck, 2015, 2018; Snoeck et al.,
2014a). This healing can be sustained for a subsequent healing cycle
(Snoeck and De Belie, 2015b) and occurs due to the release of moisture or
liquids absorbed by the SAPs. This stored water is released towards the
cementitious matrix where it is available for autogenous healing in the
form of further hydration and calcium carbonate crystallization.
Furthermore, the SAPs also assist in forming a beneficial micro-porosity
not only to increase the freeze-thaw resistance (Mechtcherine et al.,
2017; Mechtcherine and Reinhardt, 2012; M€onnig et al., 2007), but also
to increase the ductility due to their crack initiator capacity (Yao et al.,
2011). This will cause more multiple cracking with slightly finer cracks.
Next to a self-healing feature, it is interesting to include a translucent
characteristic in specific cementitious elements. Light always plays an
important role in the daily life. In addition, due to the development of
new construction processes and the application of new building mate-
rials, slender and modern cementitious structures are possible. However,
to some, concrete is still a grey and dull material. In response, a new
concept starts to find its way into the concrete society, being the trans-
lucency of cementitious materials. How can a cementitious material
become more transparent by inducing or conveying light within its
cementitious matrix? Glass fibers can be added, to introduce optical
characteristics. Moreover, the application of such translucent material
can be of interest. In current practices, for example, traffic-guiding lines
are applied on a hardened concrete road and are sometimes invisible for
drives during harsh weather conditions. A way to include these upon
casting is the application of smart lane separators using light technology
in order to guide the traffic (Saleem et al., 2017). Other utilities such as
artificial lighting or data transfer cables are often installed after con-
struction works, and can now be included from the start.
One way of including a light-transmitting property is by layering glass
fiber mats in the longitudinal direction of the concrete mould, up to a
total volume of 5 volume-percentage (v%). The fiber mats are alternated
with a fine-grade concrete layer of 2–3 mm when the specimen is cast.
Once cured, the element is sawn in blocks perpendicular to the longitu-
dinal direction of the fiber mats. In this way, the mats protrude the faces
on opposite sides assuring light transmission. The manual placement of
the mats is labor-intensive and a more efficient way of casting should be
found. Another way to produce translucent cementitious materials is by
embedding resin elements, consisting of acrylic glass, into the cementi-
tious matrix. These resin elements are made separately and directly
placed into the mould, after which concrete is added. The cost of making
these elements and carefully placing them, limits wide application in
practice. Furthermore, due to these elements, the load-bearing capacity
decreases and this type of cementitious material can thus only be used as
cladding or decorative material (Mainini et al., 2012). Including plastic
optical fibers is another option (Altlomate et al., 2016). In this case, long
fibers are manually inserted through the mould, which is labor-intensive
and time-consuming. An idea would be to add glass fibers directly to the2mix, i.e. the direct mixingmethod. Glass fibers have been investigated for
use in a cementitious material (Snoeck and De Belie, 2015a; Bentur et al.,
1985; Larner et al., 1976; Yilmaz and Glasser, 1991), but are not opti-
mized to provide multiple cracking behavior and possible self-healing
properties.
Developing a durable self-healing translucent cementitious matrix
using glass fibers could be the first step towards the integration of
different functionalities and applications through one single composite.
However, there is the need of an efficient mixing procedure to cope with
the intensive labor and excessive times needed in current molding. The
aim of this research is to investigate the direct-mixing method and the
possible strain-hardening effect using glass fibers to promote autogenous
healing combined with translucency through the glass fibers. An addi-
tional improved healing capacity is envisaged by the inclusion of SAPs in
the mixture design.
2. Materials and methods
In this section, the different studied mixtures, types of fibers and SAPs
are explained first (2.1), followed by the experiments and investigation
on the self-healing properties (2.2). In the next section, the experimental
work to determine the performance in terms of translucency is described
(2.3).
2.1. Studied mixture compositions and materials
The reference mixture was composed out of CEM I 52.5 N (Holcim,
Belgium), Class F fly ash (OBBC, Belgium), silica sand M34 with a d50 of
170 μm (Sibelco, Belgium), water, polycarboxylate superplasticizer
(Glenium 51, 35% concentration, BASF, Belgium), and polyvinyl alcohol
(PVA) fibers (2 volume-percent, v%; 1.3 g cm3; 1.5⋅106 kg m1 ¼ 1.5
dtex; 8 mm cutting length; 39 μm filament diameter; 1.2 GPa ¼ 12 cN/
dtex tenacity; obtained from Kuraray, Japan). The composition, next to
all other studied mixtures are shown in Table 1.
Next to the reference mixture with PVA fibers, mixtures with different
amounts of alkali-resistant (AR) glass fibers (0/1/2/3/4 v%) were
investigated. Two different types of AR glass fibers were investigated; a
micro type (2.68 g cm3; 9–12 mm cutting length; filament diameter of
14 μm; 1700 MPa tensile strength; obtained from Beton FiberTech,
Belgium) and a macro type (same properties but with 36 mm cutting
length and 19 μm filament diameter leading to a maximum bundle
diameter of 540 μm). Mixtures with these glass fibers with and without
PVA fibers included were investigated. However, one specific consider-
ation needs to be taken into account: the possible degradation in an
alkaline environment of the glass fiber near the interface due to its high
silica content (Ylmaz et al., 1991). Normal glass fibers are susceptible to
degradation due to the alkalinity of the cementitious matrix, having a pH
value of around 13. This degradation may lead to a decrease in overall
properties of both the fiber and the composite. Therefore, the fibers were
treated by the manufacturer to make them alkali-resistant. As a verifi-
cation, a degradation study was performed on these AR glass fibers. The
physical degradation of the surface of the glass fibers was assessed by
means of microscopic analysis with a stereomicroscope (Leica S8 APO)
mounted with a camera (DFC 295). The fibers were first placed in a
cement filtrate solution and were analyzed after being 56 days, 112 days,
168 days and 3 years submerged in a cement filtrate solution. The cement
filtrate solution was prepared using a cement slurry (CEM I 52.5 N) with a
water-to-cement ratio of 10 and 24 h of mixing, followed by a subsequent
filtration with particle retention of 12–15 μm. The clear cement filtrate
was renewed monthly for the first 6 months. No apparent visual change
or destruction of the surface layer was microscopically seen.
Two SAP types were used; SAP A being a copolymer of acrylamide
and sodium acrylate with a particle size of 100 22 μm, and SAP B being
a cross-linked potassium salt polyacrylate with a particle size of
477  53 μm (both obtained from BASF, Germany). Both SAPs were
produced by means of bulk polymerization. The swelling capacity of the
Table 1
The mixture composition of all studied mixtures [kg⋅m3], showing the amount and type of fiber and/or superabsorbent polymer added in the nomenclature, next to the
cement (CEM), fly ash (FA), sand (S), water (W), additional water (Wa) superplasticizer (SPL), fiber (PVA, micro and/or macro), and superabsorbent polymer (SAP)
amounts.
CEM FA S W þ Wa SPL PVA micro macro SAP
REF 2 v% PVA 608 608 426 365 5.5 26.0 – – –
1 v% micro 615 615 430 369 5.5 – 26.8 – –
2 v% micro 608 608 426 365 5.5 – 53.6 – –
3 v% micro 602 602 422 361 5.4 – 80.4 – –
4 v% micro 596 596 417 358 5.4 – 107.2 – –
1 v% macro 615 615 430 369 5.5 – – 26.8 –
2 v% macro 608 608 426 365 5.5 – – 53.6 –
3 v% macro 602 602 422 361 5.4 – – 80.4 –
4 v% macro 596 596 417 358 5.4 – – 107.2 –
2 v% PVA þ2 v% macro 596 596 417 358 5.4 26.0 – 53.6 –
2 v% PVA þ3 v% macro 590 590 413 354 5.3 26.0 – 80.4 –
2 v% PVA þ2 v% macro þ0.5 m% SAP A 544 544 381 327 þ 83 4.9 26.0 – 53.6 2.72
2 v% PVA þ2 v% macro þ0.5 m% SAP B 579 579 406 348 þ 25 5.2 26.0 – 53.6 2.90
2 v% PVA þ2 v% macro þ1 m% SAP B 563 563 394 338 þ 50 5.1 26.0 – 53.6 5.63
2 v% PVA þ3 v% macro þ1 m% SAP B 558 558 390 335 þ 49 5.0 26.0 – 80.4 5.58
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2015), following the procedures recommended by RILEM (Snoeck et al.,
2018b). These SAPs were added on top of a studiedmixture in amounts of
0.5 m% (mass-percentage of binder weight) and 1 m%, ideal amounts for
promoting autogenous healing (Snoeck and De Belie, 2019; Snoeck,
2018; Snoeck et al., 2014a; Snoeck, 2015). Additional water was added
on top of the mixture to compensate for the loss in workability as the
SAPs partly absorb mixing water and store this for internal curing pur-
poses (Jensen and Hansen, 2001; Snoeck et al., 2017; Dudziak et al.,
2010; Justs et al., 2015). This water is not used prior of final setting and
may not alter the effective water-to-cement ratio (Snoeck et al., 2015b).
The absorption capacity in mixing water, as determined by comparing
the workability, amounted to 30.5 g water⋅g1 SAP A and 8.8 g water⋅g1
SAP B. This value was verified using microscopic analysis of the macro
pores, by means of microscopy (Snoeck et al., 2014b) and X-ray tomog-
raphy (Snoeck et al., 2016).
The mixing procedure was the following. First, cement, fly ash and
SAPs (if included), were dry-mixed for 30 s. Next, water and dissolved
superplasticizer were added together and themixing continued for 30 s at
140 rpm. The fine silica sand was added in the next 30 s. To ensure
homogeneous dispersion of all components, the mixing speed was
increased for the following 30 s to 285 rpm. The edges of the mixing bowl
were scraped during 30 s and the mixture was then allowed to rest for
60 s. Subsequently, the respective type (or combination) of fiber(s) was
added while mixing during 30 s at 140 rpm, and the final step was mixing
for 60 s at 285 rpm. Next, the samples (dimensions and amount of rep-
etitions in the next sections) were cast in a mould and covered with
plastic foil for one day. After demoulding at 24 h, the samples were stored
at high relative humidity (95 5%) and 20 2 C till their age of testing.2.2. Experimental work on self-healing
Specimens with a size of 160  40  40 mm3 were cast and were cutFig. 1. Schematic overview of th
3at an age of 7 days into three 160  40  10 mm3 samples per specimen.
The samples were sawn to expose the glass fibers on the opposite surfaces
to induce the translucent effect. The samples were dry-cut to ensure no
loss in building blocks for autogenous healing later on and to ensure no
change in microstructural properties due to the use of water which may
stimulate hydration and cause a shift in porosity. Next, the specimens
were investigated on their self-healing characteristics. A schematic
overview of the methodology is given in Fig. 1.
The first step was subjecting the specimens with a dimension of 160
 40 10 mm3 to a four-point-bending test (Walterþ Bai DB 250/15) at
an age of 28 days, using a displacement-controlled test at 0.0015 mm s1
along the vertical loading stage to imitate a quasi-static load condition.
The span in between the lower supports measured 140 mm and in be-
tween the two loading supports on top 50 mm. The obtained force-
vertical-displacement curves were transformed to determine the stress-
strain behavior at the bottom of the specimens by means of trigonom-
etry, relating the vertical displacement to the strain in the curved lower
surface of the specimens during bending (Snoeck, 2015). In case the
specimens were subjected to healing, the strain was limited to 1% in
preloading. The unloading speed was 5 N s1. In addition, specimens
were loaded until failure to determine the first-cracking stress and the
ultimate strain-hardening behavior. The first-cracking stress is defined as
the first occurring drop in stress due to an unstable extension in the
matrix fiber tunnel upon microcracking. In addition, the amount of
strain-hardening being the ductility was investigated. The ductility is
defined as the strain at the bottom of the specimen starting from the
strain related to the first-cracking stress until the strain at ultimate stress
when strain hardening ends and strain softening starts. For all tests,
minimally six samples were studied.
The occurring crack widths were visually monitored using optical
stereo microscopy. The stereomicroscope used was a Leica S8 APO
mounted with a DFC 295 camera. Next, the specimens were subjected to
a healing condition, being alternative storage in water at 20  2 C fore healing analysis procedure.
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for the next 12 h. An automated pumping systemwas used to pumpwater
from one side to another in 12-h intervals. The water was replaced every
7 days. The cracked faces were facing upwards, draining the water out of
the cracks during dry periods. This side also provides the lowest possi-
bility for visual healing of a crack. If the specimens would be put with the
crack facing downwards, more water would be retained in the crack and
the healing products would preferentially form near the crack tip, leading
to a possible overestimation of the visual crack closure.
The healing lasted for a total of 28 days. After the complete healing
stage, crack widths were again visually monitored by means of micro-
scopic analysis and the specimens preloaded to 1% strain were reloaded
in four-point-bending to complete failure to determine the regain in first-
cracking stress, as means for calculating the regain in mechanical prop-
erties. The regain in first-cracking stress was calculated as the ratio of the
first-cracking stress upon reloading compared to the first-cracking stress
at preloading stage and is expressed as percentage.
2.3. Experimental work on translucency
The translucency was determined on specimens with different
amounts of macro glass fibers added. Two different mixing procedures
were investigated. In this study, the first tested manufacturing procedure
was to include the glass fibers manually and vertically through the
mould. The second procedure was the direct-mixing method, adding the
fibers directly to the mixture, as described above.
In case of the manual insertion method, only one mixture containing 2
v% of macro glass fibers was investigated. Adding higher amounts of glass
fibers was not feasible due to handling and positioning in the mould.Micro
glass fibers were not studied due to their short length disabling a proper
manual handling. The mould was made from a Styrofoam bottom and
fixed wooden spacers providing an inner 160  40 mm2 surface and a
height of 10mm. The amount of fibers needed per 160 40 mm2 face was
determined. The fibers were manually, vertically, randomly and evenly
inserted in the Styrofoam bottom, ensuring their fixed vertical position.
Next, the reference mixture was poured into the mould and the specimen
was carefully tapped to remove entrapped air. The specimens were
covered with plastic foil. After demoulding at 24 h, the samples with
protruding fiber layout through the material were stored at high relative
humidity (95  5%) and 20  2 C till their age of testing. At an age of 7
days, the samples were sawn and polished along the bottom and top, to
remove the protruding ends of the macro glass fibers and to obtain a
smooth surface. Twelve 160  40  10 mm3 specimens were tested.
In addition, a direct-mixing method was applied by adding the macro
glassfibers duringmixing and sawing cured160 40 40mm3 samples to
three1604010mm3 specimens afterwards. The amount ofmacroglass
fibers was varied (0/2/3/4 v%). Per test series, twelve 160 40 10mm3
specimens were tested.
The amount of translucency was determined by measuring the
amount of light passing through two opposite specimen's surfaces across
its 10 mm thick dimension. Several pictures were taken using a black-box
principle setup. The schematic overview of the setup used in shown in
Fig. 2. In a frame of plywood, two lamps (40Watt) were positioned. Next,
a rubber foam mould was used as specimen holder, enabling a tight fit
with the plywood box. A cardboard black box was put on the specimen to
eliminate light pollution from surrounding light sources. The observation
of translucency was performed through a small opening in the black box.
Different pictures were made prior and after sample testing at an age
of 28 days and were compared to readings by means of a lux meter
(Benetech Digital Lux Meter GM1020) to verify the light intensity having
wavelengths in the range of 400 nm and 700 nm in time throughout the
test campaign. The lux meter was hereby inserted in the small camera
opening and the value did not vary in time, showing that the light in-
tensity was constant. The specimens were studied using a camera
(Panasonic Lumix DMC-FZ28). The obtained sample pictures were then
studied bymeans of the software ImageJ. The obtained pictures were first4desaturated and transformed to grey-level images (0–255). The histo-
grams of the grey-level images were transformed into a white-pixel ratio
(WPR), taking the sum over the pixels with values in the range of 245 and
255, ascribed to the light transmission, over the total amount of pixels in
the range of 0 and 255.
Next to the direct-mixing of the test specimens, a proof-of-concept
demonstrator was made from a 150  150  150 mm3 cube containing
a mixture with 2 v% of PVA fibers and 3 v% of macro glass fibers using
direct mixing. The sample was cast, covered with plastic foil, demoulded
after 24 h, and stored at high relative humidity (95 5%) and 20 2 C.
At an age of 7 days, the specimens’ height was sawn to 100 mm by
removing layers of 25 mm from the top and the bottom surface. Next, a
core of 85 mm was drilled from the center of the specimen, along its
height. In a next step, the remaining surfaces were also sawn to remove a
25 mm layer. In the end, a hollow 100  100  100 mm3 cube was
obtained, in which the hollow core allowed to insert a light bulb of 40
Watt.
3. Results and discussion
In the first part, the mechanical characteristics and regain in me-
chanical properties for all studied mixtures are discussed (3.1), followed
by the visual monitoring of the self-healing properties (3.2) and trans-
lucent properties (3.3).
3.1. Mechanical properties and regain in mechanical properties due to self-
healing
One of the three criteria to have efficient autogenous healing is the
limitation in crack width. Multiple microcracks are the result of the
strain-hardening behavior of the fiber-reinforced cementitious compos-
ite, as analyzed by the mechanical behavior after performing four-point-
bending tests. The stress-strain relation of specimens containing micro
glass fibers, macro glass fibers and a combination of macro glass fibers
and PVA fibers were compared to reference samples containing 2 v% PVA
fibers, fully characterized in terms of mechanical behavior and self-
healing (Snoeck and De Belie, 2019; Li et al., 2002; Li and Nawy,
2008; Snoeck, 2015; Yang et al., 2009). SAPs were added to mixtures
containing macro glass fibers and PVA fibers. The mechanical properties
for all studied mixtures are given in Table 2.
The reference mixture containing 2 v% PVA fibers showed analogous
results as found in literature. Results in literature show mechanical
characteristics of mixtures with only PVA fibers of 4.8  0.6 MPa to
5.9  0.6% for the first-cracking-stress, 2.4  0.1% to 3.8  0.6% for
ductility strain, and a regain in first-cracking-stress of 40  8% to
45 7% (Yang, 2008; Snoeck, 2015). In literature, typical strains are 1%
and 4% if 1.2 v% and 2 v% of PVA fibers, with an analogous mixture
design, were added (Li et al., 2002). The regain in first-cracking stress in
this research amounted to 44  3%. Stored in standard laboratory con-
ditions, no healing would occur in SAP-less samples. This is due to the
unavailability of liquid water, needed in the self-healing mechanisms.
Different mixtures containing 1, 2, 3 and 4 v% of micro glass fibers
were investigated. None of those specimens showed strain hardening.
Instant strain softening was observed related to a brittle failure of the
fibers in each specimen, due to the strong bond with the cementitious
matrix. A higher first-cracking stress is found inmixtures withmicro glass
fibers compared to mixtures with PVA fibers only due to the higher bond
with the matrix of the micro glass fibers compared to the PVA fibers,
leading to a stronger overall composite. The higher forces are also due to
the higher modulus of elasticity of glass fibers compared to PVA fibers. As
no ductile behavior was noticed, no study on the healing capacity was
performed.
Including macro glass fibers in the mixture leads to a strain-hardening
effect. However, a noteworthy variance was found in the test results due
to the relative large fiber dimensions compared to the specimen di-
mensions. The macro glass fibers have a total length of 36 mm, making it
Fig. 2. (a) Schematic overview of the used setup to verify the translucency with (1) the plywood frame, (2) lamps, (3) specimen holder, and (4) black-box transfer, and
(b) the top view with camera opening.
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Debonding of the macro bundle was the main cause of failure. In the end,
2 to 7 cracks were observed, with varying crack widths of around
100 μm–1200 μm, which is too wide for proper autogenous healing to
occur. Therefore, as the healing would be minimal, the specimens were
not studied for their healing capacity. There is an optimum of 2 v% to 3 v
% of macro glass fibers in terms of good ductile behavior. A too high
amount results in a decrease in strength. It was therefore opted to study 2
v% and 3 v% in the subsequent sample series in which the macro glass
fibers were combined with PVA fibers.
Strain hardening was only possible using the macro glass fibers.
However, the amount of strain hardening needed to guarantee the self-
healing behavior needed to be improved by combining respectively 2
and 3 v% of glass fibers with 2 v% PVA fibers. In PVA fiber samples, there
was a high scatter in ductility results. There was no ductility observed in
samples with micro glass fibers, a slight ductility in specimens with
macro glass fibers and good ductility in the combination of PVA fibers
andmacro glass fibers. No significant differences are foundwhen samples
with PVA fibers only and the combination of PVA fibers and 2 v% of
macro glass fibers are compared, in terms of mechanical properties. An
increase in first-cracking stress is observed upon adding 3 v% of macroTable 2
The first-cracking stress σfc [MPa], ductility as a measur
first-cracking stress SH [%], for all studied mixtures. Fo
amount and type of fiber, and the possible addition of S
n/a: not investigated as there was no observed strain duct
cracks (macro glass fibers)were formed
5glass fibers. This is due to the in-total larger amount of fibers, leading to a
stronger overall composite. More crack clusters were observed in the
specimen containing 3 v% of macro glass fibers. The cracks in the latter
specimen were concentrated over a shorter distance compared to the
specimen with 2 v% of macro glass fibers. The long macro fiber is active
over multiple cracks and abundant multiple cracking was observed,
comparable to the reference sample containing 2 v% of PVA fibers only.
Due to saw cutting the specimens, some fibers will show a shorter
length. Furthermore, fibers perpendicular to the saw-cut will not effec-
tively contribute to the strain-hardening capacity. Due to the inclusion of
larger fibers compared to the PVA fibers, some clustering may have
occurred. This was visually seen on the surfaces of the specimens, espe-
cially when adding high amounts of macro glass fibers.
SAPs decrease the overall mechanical strength due to their macro-
pore formation but the differences are not significant. The inclusion of
SAPs improves the ductility (up to 4.10  0.91%) due to their crack
initiator capability (Yao et al., 2011). As mentioned, when too high
amounts of SAPs are added, the strength may be impaired (Snoeck et al.,
2014b; Hasholt et al., 2012). Different amounts of SAPs were added,
being 0.5 m% SAP A, 0.5 m% SAP B and 1 m% SAP B, respectively,
expressed as mass percentage of binder weight, as these amounts aree for multiple cracking strain MC [%] and regain in
r all mixture compositions, the variables being the
APs, are given.
ility (micro glass fibers) and/or too wide unhealable
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When including 1 m% of SAP B, the observed ductility was increased
most compared to the SAP-less specimen.
As mentioned, two different approaches for measuring the healing
capacity were conducted, by checking the regain in mechanical proper-
ties and by monitoring the visual closure of the cracks. The latter will be
discussed in the next section. Autogenous healing was found in all
specimens, with and without SAPs. The specimens containing SAPs,
however, did show an improved healing capacity and regain in me-
chanical properties. The regain in first-cracking stress of SAP-less samples
(44  3%) improved up to (60  5%) in samples with 1 m% of SAP B.
This is due to a stimulated further hydration in 1 m% SAP B samples,
amounting to 39% more hydration compared to SAP-less specimens
(Snoeck et al., 2020). As there is less stimulated further hydration in
samples with 0.5 m% of SAP A (25% more hydration as determined on
analogous specimens but in prior research (Snoeck et al., 2020)) and
0.5 m% of SAP B (19% more hydration in prior research (Snoeck et al.,
2020)) compared to a mixture with 1 m% SAP B (39% more hydration
determined in prior research (Snoeck et al., 2020)), the regain in me-
chanical properties (52  3% and 53  4%, respectively) were slightly
lower than upon addition of 1 m% of SAP B (60  5%) but still higher
compared to the SAP-less reference (44  3%).
In literature, mixtures with PVA fibers and SAPs have shown a first-
cracking-stress of 4.9  1.5 MPa, 5.1  1.4 MPa, and 4.9  0.9 MPa for
samples with 0.5m%SAPA, 0.5m%SAP B, and 1m%SAP B, respectively
(Snoeck, 2015). The ductility in thosemixtures is 3.5 0.4%, 3.5 0.3%,
and 3.8  0.4%, respectively (Snoeck, 2015). The found values in this
research correspond to these values found for specimens studied in earlier
research. The regain inmechanical properties found in literature amounts
to 65 2MPa, 69 3MPa, and 86 8% for samples with 0.5 m% SAP A,
0.5 m% SAP B, and 1 m% SAP B, respectively (Snoeck et al., 2014a;
Snoeck, 2015). The values for the regain inmechanical properties found in
this research are slightly lower, possibly due to the inclusion of the macro
glass fibers, limiting the formation of healing products due to the smooth
surface of the macro glass fibers. However, the healing capacity is still
higher compared to the reference.3.2. Visual closure due to self-healing observed by microscopic analysis
The visual crack width closure is shown in Fig. 3. On this graph, theFig. 3. (a) Visual final crack width [μm] after healing compared to the initial crack w
mixtures. For means of comparison, dashed trend lines are added.
6initial crack widths before healing were compared to the remaining crack
widths after 28 days of healing. These results are depicted compared to a
bisector showing no healing (left-hand side in Fig. 3a) and as the per-
centage of visual closure shown for comparative reasons (right-hand side
in Fig. 3b). All samples studied had 2 v% of PVA fibers, 2 v% of macro
glass fibers and a varying amount of SAP A or SAP B (0/0.5 m% SAP A or
0/0.5/1 m% SAP B).
As could be expected, smaller cracks have a higher probability to be
completely closed due to autogenous healing, in all specimens studied. In
reference samples, most cracks up to 30 μm closed completely. In SAP
specimens, this healing is sustained to more than 50 μm. For larger crack
widths, the healing is becoming nonexistent in reference samples from
100 μm onwards. For SAP samples with low amounts up to 0.5 m% of
SAP, this amount of visual crack closure is slightly higher. When
including 1 m% of SAP B, this healing is further and beneficially pro-
moted and more healing is visually seen, mostly in the form of calcium
carbonate crystallization. If 1 m% of SAP A would be added, the overall
strength of the material would decrease too much due to a pronounced
additional formation of macro pores due to their high mixing water up-
take compared to SAP B (Snoeck et al., 2014a, 2014b). The same holds
true for mixtures with even higher amounts of SAP B. Those mixtures
were therefore not studied.
Compared to the reference sample, the average crack closure was
more noteworthy in SAP specimens. Additionally, due to the crack
initiator capability of the SAPs, smaller crack widths are generally found
in SAP samples, leading to a better regain in mechanical properties as
smaller cracks are healed better by inclusion of SAPs. SAP B seems to
perform better compared to SAP A in terms of stimulated autogenous
healing capacity. The average crack width in the SAP-less samples loaded
to complete failure was 62 μm, while for adding 0.5 m% SAP A or SAP B
and 1 m% SAP B this average was 46, 47 and 42 μm, respectively.
Some calcium carbonate crystals were observed at the circumference
of the exposed glass fibers, but most in the presence of PVA fibers. Due to
the smooth fiber surface of the macro glass fibers, the cracks converted
and diverted slightly. The same behavior of acting as a nucleation site for
healing products is seen in samples with PVA fibers only (Snoeck et al.,
2014a). Overall, the same trend is seen in literature, where SAPs are also
able to promote visual closure of the cracks (Snoeck and De Belie, 2019;
Snoeck et al., 2014a; Snoeck, 2015; Snoeck and De Belie, 2015b; Snoeck
et al., 2016). The glass fibers seem not to influence these results.idth [μm] and (b) percentage of visual closure of the initial cracks, for all studied
Fig. 4. (a) Visual translucency with an external light source, and (b) with an internal light source, showing the protruding glass fibers transferring the light from inside
to outside.
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As mentioned in the introduction, glass fibers have the capacity to
transmit light through their inner core and different manufacturing
procedures exist. In this study, the first manufacturing procedure was to
include the glass fibers manually and vertically through the mould,
causing a protruding layout of the fibers. This method guarantees the
maximal translucent effect. This labor-intensive method is currently used
in practice to have optimal translucent properties from the two opposite
faces, meaning along the fiber axis. As an addition, a direct-mixing
method was applied by adding the fibers during mixing and exposing
them by sawing the cured samples afterwards. Both methods were
compared. The sawing action is an additional manual labor but does not
outweigh the manual insertion labor. Only fibers going through both
opposite faces of the specimen were transferring light. This means that
not all fibers were active for transmitting light. In addition, the visual
appearances were more random, as can be seen in the proof-of-concept in
Fig. 4. The translucent properties are shown when there is external light
(Fig. 4a), and internal light (one internal light bulb of 40Watt in Fig. 4b).
In case of external light, some macro glass fibers can be seen at the
exterior surface of the hollow cube, and these will not transfer the light as
efficiently as the protruding macro glass fibers, clearly visible with an
internal light source.
In order to quantify the translucency effect, the WPR was calculated
from analyzing the histogram of the black-box images obtained from
twelve 160  40  10 mm3 samples. Studying samples without macro
glass fibers resulted in a WPR of zero, meaning that no light could be
recorded. Furthermore, there was a logical correlation between the
amount of macro glass fibers added and the total visual transmittance of
light. When the fibers were manually inserted in the mould, the WPR was
5.38  0.42% (n ¼ 12 measurements) when using 2 v% of macro glass
fibers. Using the direct-mixing method, lower values were obtained. The
WPR varied from 1.33  0.92% (n ¼ 12 measurements) over
3.90  0.85% (n ¼ 12) to 4.71  1.09% (n ¼ 12) for samples with 2, 3
and 4 v% of macro glass fibers added, respectively. Note the large vari-
ability due to the variable direct-mixing method. Only fibers perpen-
dicular to the specimen's longitudinal axis increased the white-pixel ratio
(WPR) significantly. This can be overcome by looking into different ways
of pouring the fibers, guaranteeing the flow in one specific direction upon
casting. This is subject for further research. There was no direct effect
noticed in translucency prior and after healing. The only effect was a
slight reflection of light on the white calcium carbonate crystals, but the7WPR did not vary significantly. The translucent effect is limited, related
to the thickness of the sample and the length of the fiber used.
4. Conclusions
Combining two different properties, being self-healing and trans-
lucency, was achieved by using glass fibers in a strain-hardening cemen-
titious composite. A ductile strain-hardening behavior was observed
which promoted autogenous healing. Based on the results obtained by
studying both characteristics, following conclusions can be drawn:
- The direct-mixing method leads to a translucent effect and is less
labor-intensive compared to manual insertion of the glass fibers.
- Strain hardening was only feasible when using macro glass fibers, and
not when applying micro glass fibers. Further interface tailoring
would be necessary to improve the corresponding multiple cracking
and the strain-hardening capacity.
- Adding an amount of 2 v% PVA fibers to mixtures containing macro
glassfibers increases the overall strain-hardening capacity extensively.
- Autogenous healing and improved autogenous healing by adding
SAPs combined with translucency via the glass fibers has been
observed. The exposed PVA fibers tend to promote nucleation of
calcium carbonate crystals, stitching the crack. The macro glass fibers
are too smooth and have a different composition compared to the PVA
fibers, and they do not promote this nucleation behavior.
- SAPs act as crack initiator, increasing the ductile behavior. This leads
to the formation of more narrow cracks, easier to be healed with the
self-healing mechanisms.
- The translucent effect in the cementitious material is proportional to
the volume percentage of macro glass fibers added when using the
direct-mixing method. A maximum of 3 v% of macro glass fibers
combined with 2 v% PVA fibers was achievable and led to good
properties in terms of visual healing and a translucent effect of
4.71  1.09%.
- Adding 1 m% of SAP B to the mixture leads to a regain in mechanical
properties up to 60  5%, compared to 44  3% for a SAP-less
specimen.
- Creating a cementitious mixture with self-healing and translucent
properties is a first step towards the development of newmaterials for
several applications where translucent properties are useful.
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